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Abs t rac t  
A computer s imula t ion  w c h o d  G i l l  be  d i scussed  t h a t  p rcv ides  for e q u i v a l e n t  
s i m l a t i o n  accuracy, b u t  that exhibits s i g n i f i c a n t l y  lower CPU running time pe r  
bias p o i n t  cimaparad t o  o t h e r  tecluiliques. 
p o i n t  f i e l d  a5 is cusramary Zu numerical i n t e g r a t i o n  (NI) techniques.  The 
a s s q r i o n  of e l i n e a r  approx*ation f o r  t h e  dependeut v a r i a b l e ,  %-hi&- is 
is not 
required.  Znstead. t h e  set of de-gice t r a m p o r t  e q v a t i a c s  is aFp l i ed  t ~ ,  and t h e  
closed-form s o l u t i o n s  ob ta ined  f o r ,  each  x-sh p o i a t .  mesh p o i n t  f i e l d  is 
generated so that t h e  c o e f f i c i e n t s  Sn t h e  set of :ransport equaztons e x h i b i t  
s m a l l  changes becveen ad jacen t  mesh p z l n t s ,  I n  coctrast to the !?I l i n e a r  
approximation. t h e  c loszd - fo ra  s o l u t i o n s  -re a c c u r a t e l y  r e p r e s e c r  t h e  p h y s i c a l  
system and the dev ice  phys ic s  i o c x p o r a t e i i  i n  the t r a s p o r t  equa t ions .  
mis new Pethcd is a p p l i e d  t o  a e s h  
typical ly  used k t h e  f i n i t e  d i f f e r e n c e  a d  f iz i te  elentent NI methods, ! 
App1-icaticn 3f thFs method t o  high-eff ic iency s i l i c o n  s o l a r  ce l l s  is 
desc r lbed ;  and t h e  m e t 1  213 by vh ich  Auger recombination, a rAipo i s r  c m s i d e r -  
f inement,  and c a r r i e r  d i f f u s i v i E i e s  are t r e a t e d .  Bandgap narrciving hs5 been I 
i n v e s t i g a t e d  using Fermi-Dirac s t z t i s t i c s ,  and t h e s e  r e s u l t s  s h m  thac bandgap I 
narroving i s  more pronounced and t h a r  i t  is  tenperatti-e-dependent i n  c o n t r a s t  t o  
t h e  r e s u l t s  based on Boltzmann statistics. I t  is a!;o suggested t h a t  carrier 
d f f f u s i v i t y  r e l a t i o n s h i p s  t h a t  appiy t o  degenera:e materials i n  thermal e q u i l i -  
brium may a l s o  be a p p l i c a b l e  t o  r eg ions  i n  which high i n j e c t i o n  e x i s t s  even i n  
nmdegene ra t e  m a t e r i a l .  
a t i o n s ,  S u i l t - i n  and induced e lectr ic  f i e l d s ,  ‘;andgap narrowing- carrier COE- ‘ I  
Imposing t h e  a p p r o p r i a t e  bobndary cond i t ions  on the c ?d-fnrm s o l u t i o n s  
results i n  a ser of equa t ions  which r e q u i r e  simultaneou  tion. on. This r e s u l t s  
i n  ob te in fng  the  so i i i t i on  cf a l l  constan:s of i n t e g r a t i c n ,  croa which, in  
p r i n c i p l e .  all c e l l  c h a r a c t e r i s t i c s  may L e  de r ived .  I t  has  been demonstrated 
that r ecu r s ion  r e i a r tonsh ip . ,  e x i s t  between t h e  consc.ints of i n t e g r a t i o n .  T r i a l  
or “guess” c i r lu t ioas  are no t  required i n  t h i s  new x t h o d  f o r  dev ices  o p e r a t i n g  
a t  any i n j e c t t o n  l e v e l ,  because t h e  closed-form solL’tons obtained a t  each mesh 
poiqt, in f a c t ,  fulfuil t h i s  .-ale- This c a r r i e s  over t o  those dev ices  o p e r a t i n g  
a t  high i n j e c t i o n  l e v e l s ,  bu t  t he  i n c i u s i o n  of Auger re-ombination in t roduces  
n o n l i n e s r  terms i r l  t h e  c o n t i n u i t y  eqtiatiocs,  37d s p e c i a l  a t t e n t i o n  mst be 
devoted t o  s a t i s f y i n g  Poisson‘s  equ?+ion.  UnC r t hese  c o n d i t i o n s ,  an i n i t i a l  
es t imace must  be ma& o f  t h e  va lue  of t h e  indrpendent v a r i a b l e  for i n c l u s i o n  in 
t h e  . :iti .nuity equa t ions  at t t -  i n i t i d l  mesh Foint. An i terat ive procediire is 
then used t o  o b t a i n  a c m s i s t e n t  c o l u t i m .  
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Couyuter aoSei ing s imula t ions  have %eea show t o  be very u s e f u l  i n  the  
de*;eiqmecit  of semiconductor devices  i n  those cases where the  s imulat ion is an 
a c c u r z t e  r e p r e s e n t a t i o n  of t h e  p h y s i c a l  device.  Rnueuer, t o  be ;n e f f e c t i v e  a i d  
ta  t h e  exper imenta l i s t  and to  become an equal p a r t n e r  i n  t h e  t e c - h o i o g i e s  used 
i n  de-Jics devzlopmeot, It may be required t o  operace the  ccmputer program 
i requeut ly  eech Cay i n  an  a c t i v e  developlsectal progran. For f requent  we, as 
required i n  s o l a r  cell development, W J  costs mst be law. Xxecvex,  lou  CPU 
c o s t  allows f o r  engaging i n  computer experiments,  which can be =de t o  bc a very 
u s e f u l  and powerful technique. 
Computer modeling us ing  numerical  i n t e g r a t i o n  (XI) methods i n  S i  device 
technology 5ave u s u a l l y  s h a x  fair-to-good agreement with experimental  data. 
Hovever, CPU costs fo r  t h e  execut ion of c r q u t e r  program t h a t  are based c r ~ z  
w t r i c a l  I n t e g r a t i o n  methods are p r o h i b i t i v e l y  high for :heir ~ s c  as a labora- 
to ry  or m n u f a c t u r i r g  t o o l  [I]. The nrmber cf b i a s  F e i n t s  that are required to  
s tudy  optimized device des igns  u s u a l l y  exceeds 5,000 runs. 
prehtns ive  s tudy  involving device e t r u c t c r e s  or new t:pfa of &vices  may exceed 
10,090 runs.  I n  m s t  
czses, t h e  c o s t  of such s t u d i e s ,  fc-r t h e  b e n e f i t s  gained, may not  be a t t r a c t i v e .  
S i m i l a r l y ,  a LOW 
Increased CPU cost r e s u l t s  i f  ccnvergent prcblems arise. 
Simulation accuracy is d e t e m l n e d  by bath  t h e  scciracy af t h e  algori thm/ 
analytical method represent tng  the  device t r m s p o r t  equat ions.  and the  accuracy 
of t h e  phenomena submodels i n  r e p r e s e n t h g  t h e  corresponding e x y e r i s e n t n l  d a t a  
r n l a t e d  t o  m a t e r i a l  p r o p e r t i e s .  For most e f f i c i e n t  use c.f the @E, the  accuracy 
of t h e  a l g o r i t h d a c a l v t i r a l  method and of the  phenmeria sabmodels should be 
commensurate. For example, ever i f  t h e  z i lgczi thmlanalyr ical  zethod a c c u r a t e l y  
r e p r e s e n t s  the  device,  s imula t ion  r e s u l t s  a y  not agree s i t h  experimental  d a t a  
i f  t h e  phen3mer.a submodels a r e  a c c u r a t e l y  represente  ?'he reverse  is a i s o  
trae. I n  so lar  cells,  che phenomena submadels t h a t  ,J,roduce f i r s t - o r d e r  e f f e c t s  
in terminal  c o a r a c t e r i s t i c s  2re: a b s  p t i o n  curve,  b u i l t - i n  and induced e lectr ic  
f i e l d s ,  bandgep. l i f e t i m e .  E o b i l i t i e s ,  d i f f u s i v i t i e s ,  photoexcLted carrier 
concent ra t ions ,  s u r f a c e  recombination v e l o c i t i e s ,  j u n c t i o n  t r a n s p o r t ,  etc. The 
representa t ion  of  t h e  phenomena submodels must take on an importance e q u a l  t o  
t h e  a n a l y t i c a l  method used to  represent  t h e  sys tem.  
Under sane opera t ing  condi t ions  and f o r  a number of s o l a r  c e l l  s t r u c t u r e s ,  
two-dimensional modeling may be required t o  o b t a i n  improved agreement between 
s imulat ion r e s u l t s  and experimental  d a t a .  Although the  r e su l t s  presented above 
apply genera l ly  tc: one- a d  two-dimensional modeling, che CFU execut ion t i m e  is 
s i g n i r i c a n t l y  g r e a t e r  for two-disensionai s i n u l a r i o n s .  
I n  t h i s  payer,  a new method is descr ibed which h z i  been used t o  s imulate  
semicmductor  device c h a r a c t e r i s t i c s .  Altiiough t h i s  meihod share-  s i s i l a r i t i z s  
with sme aspects of PI methods, i t  d i f f e r s  markedly i n  oth2r  aspec ts .  
Abbreviated forms of a n a l y t i c a l  r e l a t i o n s h i p s  represent ing  the s o l u t i o n  of s o l a r  
c e l l  t r a n s p o r t  equat ions t h a t  a r e  obtained using t h i s  new llethcd are presenLed 
and discussed.  The s imilar i t ies  and d i f f e r e n c e s  between the  methods are a l s o  
discussed.  
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In this  sectim, t h e  t r a n s p o r t  equa t ions  a r e  discussed as they relate t o  
t\e s i m p l i f i c a t f m s  and approximations t h a t  are requ i r ed  t o  be made in  o rde r  t o  
use NI meLhods and the  new method, which i s  t h e  a p p l i c a t i o n  of closed-form 
s o l c t i o n s  app l i ed  t o  a mesh p n i n t  f i e l d .  The f i n i t e  d i f f e r e n c e  (FD) and f i n i t 2  
e i ePeu t  (FE) methods, which are considered NI a r t h o d s ,  are b r i e f l y  d i scussed  
,ecause the; are most similar t o  t h i s  new w t h o d .  Xr: o u t l h e  of t hese  methods 
i s  presented and t h e  procedures are d a e l o p e d  t o  apply therr. 
t. 
Sumerical I n t e g r a t i o n  Methods 
The most commonly used t r a n s p o r t  model i n  semiccaductor dev ices  is due t o  
Fan Roosbroeck and is  rep resen ted  by the set of equat ions:  
* = - - V *  1 + J +(G-R) , 
a t  9 P 
v - + ~ = g  ( p - n + N - N  1 
D A  E 
The above set of r e l a t i o n s h i p s  is a p p l i c a b l e  t o  nondegenerate and desene ra t e  
materials, low and high i n j e c t i o n  l e v e l s ,  dc and ac o p e t z t i o n ,  and t o  mcj t  
semi-conductor dev ice  s t r u c t u r e s .  
The Van Roosbroesk t r a n s p o r t  equa t ions  comprise a system of coupled p a r t i a l  
d i f f e r e n t i a l  equa t ions  that  d e s c r i b e  a semiconductor c a r r i e r  concen t r a t ion  and 
c u r r e n t  d e n s i t y  i n  p o s i t i o n  and t h e .  The n e t  balance of gene ra t ion  soUrces and 
recombination s i n k s  of e l e c t r o n s  and h o l e s  are descr ibed by the r e s p e c t i v e  
c o n t i n u i t y  equat ions,  and t h e  Poisson equa t ion  d e s c r i b e s  the e lec t r ic  f i e l d  
d i s t r i b u t i o n  t h a t  is produced by t h e  charge d i s t r i b u t i o r  uiLhin the  semiconductor 
For s o l a r  cel ls ,  t h e  s t eady- s t a t e  cond i t ion  is assumed. which g r e a t l y  s i m p l i f i e s  
:?,e t r a n s p o r t  se t  because an/ a t  and 3pf $ t  vanish.  
may be added t o  t n e  t r a n s p o r t  equa t iuns  t o  a c c u r a t e l y  d e s c r i b e  a v a r i e t y  of 
carrier dynamical and o t h e r  i n t e r n a l  phys i ca l  processes .  
Device phenomena subinodels 
However, the Van Roosbroeck equa t i c - s  m u s t  be s i g n i f i c a n t l y  modif ietl i,. 
o rde r  t o  desc r ibe  the  e f f e c t s  ar ic i , rg  from v e l o c i t y  overshoot ,  b a l l i s t i c  ;ran;- 
p o r t ,  and very t h i n  s u r f a c e  l a y c r s  [3. . I n  s o l a r  c e l l s ,  only thb  l a t t e r  may 
neea cons ide ra t ion .  The phenomeTon i r  t h i n  n-type s u r f a c e  l a y e r s ,  where an 
oxide charge i n s u l a t o r  (OCI) prodtices zn e l e c t r o n  accumulation, may i n t  :crdilcP- 
sidebands within t h e  conduction 
quant ized l e v e l  f o r  e l e c t r o n  transport .  i n  a e i r e c t i o n  normal t o  thz su r face .  
a r i .  where each sideband corresponds t o  a 
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S o l c t i o n  of t h e  t r a n s p o r t  equat ions  i s  more d i f f i c u l t  f o r  h igher  order  
modeis ; i. I . ,  t ime-dependert reqsirements  , and tb i -  and three-dimecsional 
geometries [2-11]. 
two-dimensional modeling when cmprehens ive  phenomena subcodels  are considered 
Ht:-?c.ver, t h i s  d i f f i c u l t y  is brought i n t o  sharp focus ia 
[2,121- 
I n  comprenensfve r e p r e s e n t a t i o n s ,  t h e  complexity of t h e  Van Rmsbroeck 
t r a n s p o r t  equationr does c o t  allow f o r  closed-form s o l u t i o n s  which a c c u r a t e l y  
s imulate  semiconductor devices.  Accurate s o l u t i o n  of the  t r a n s p o r t  equat ions 
r e q u i r e s  a method t h a t  s i m p l i f i e s  these  equat ions.  
t o  d i v i d e  the  device s t r u c t u r e  intci small p a r t s  [2-15]. I n  one-, two-, and 
three-diaensional  s o l u t i o n s ,  chese small p a r t s  are def ined  as i n f i n i t e  s l a b s ,  
areas, and volumes, respec t ive ly .  Each of these  small p a r t s  is assigned a mesh 
poln t ,  vh ich  is i d e n t i f i e d  by one, two ,  or t h r e e  i n d i c e s  corresm,-?ding t o  a one-, 
two-, o r  three-dimensional r e p r e s e n t a t i o n  of the  device.  These s m a l l  p a r t s  must 
be made s u f f i c i e n t l y  snizll so t h a t  a i l  dependent v a r i a b l e s  i n  t h e  t r a n s p o r t  
equat ions  e x h i b i t  s sa l l  changes i n  va lue  between ad jacent  mesh p o i n t s  [2,4,5,8, 
151. In  a d d i t i o n ,  the  c o e f f i c i e n t s  i n  t h e  t r a n s p c r t  equat ions a l s o  e x h i b i t  
small o r  n e g l i g i b l e  changes between ad jacent  me& p o i n t s  [15]. 
these  condi t ions  is not  set ,  a s o l u t i o n  is n o t  obtained because convergence does 
not  occur. NI methcds and t b e  closed-form s o l u t i o n s  may be appl ied  t o  mesh 
p o i n t  f i e l d s .  
The most popular  approach is 
I f  e i t h e r  of 
In  applying t h e  FD riethod, a l l  d e r i v a t i v e s  are replaced by f i n i t e  d i f f e r e n c e s  
be Jeen d i s c r e t e  p o i n t s  i n  an active domaln i n  t h e  in:ericr of t h e  s t r u c t u r e .  
T h e  res idue  of t h e  newly e s t a b l i s h e a  differer ice  equat ion is set  t o  zero  a t  each 
me: -I poin t .  Thus, t h e  d i f f e r e n t i a l  equat ions a r e  transformed i n t o  d i f f e r e n c e  
OF - r a t o r  equat ions.  
rnt ;h q o i n t  f r m  t h e  se t  of Zquations obtained [2 ,4] .  
The va lue  of t h e  dependent v a r i a b l e  is determined a t  each 
For examp- e, t h e  d i f f e r e n t i a l  equat ion Ec, determine t h e  temperature d i s t r i -  
bution is given by [ A i  
( 6 )  
d2T - = o  . 
dx 2 
The d i f f e r e n c e  opera t ion  is represented by 
Ti+2 - Ti+l Ti+l - Ti - -
d2T Ax Ax 
2 dx x 
(7)  
wLlere Ti, Ti+l, and Ti+2 are t h e  va lues  of the  dependent v a r i a b l e ,  T ,  a t  t h e  
mesh p o i n t s  i, i+l, an6 i + 2 ,  and Ax is  the  independent v a r i a b l e  represent ing  the  
separa t ion  of t h e  m e s +  p o i c t s  i and i+l ,  and i+l and i+2, assumed t o  be equal.  
A cor --?onding equat ion is constructed a t  dach mesh poin t .  The r e s u l t a n t  se t  
Thlls, 
. IC  t b : l - - e  of the dwendent  v a r i a b l e ,  T ,  is obtained En> ac the  mesh p o i n t s  1, 
a6 ec,-dtions r e q u i r e s  the  s l x l t a n e o u s  s o l u t i o n  f o r  T I ,  T2, --, Ti, - . 
-. ' .. -- . The value  f o r  T i n  t h e  region between the mesh p o i n t s  is not  
. .  
obtained e x p l i c i t l y  and may only be approximated by one of t h e  e s t a b l i s h e d  
methods. Typica l l s ,  a l i n e a r  approximation is used. 
In  t h e  FE method, a t y p i c a l  assumption made i s  t h a t  t h e  dependent v a r i a b l e  
is a linear func t ion ,  where, f o r  t h e  system discussed above involving temperature 
[ 4 1 ,  
!z - Xi) . Ti+l - Ti T = T i + x  - x  i+l i 
This r e l a t i o n s h f p  is s u b s t i t u t e d  i n t o  a n  equat ion,  c a l l e d  t h e  "funct ional ,"  t h a t  
d e s c r i b e s  the  system to o b t a i n  a set of equat ions.  Simultaneous s o l u t i o n  of 
t h i s  set r e s u l t s  i n  d i s c r e t e  v a l u e s  of the dependent v a r i a b l e  a t  each of t h e  
mesh poin ts .  
l i n e a r  r e l a t i o n s h i p  similar t o  t h a t  represented i n  Eq. (8). 
Between t h e  mesh p o i n t s ,  t h e  dependent v a r i a b l e  is g??erned hy a 
The f u l l  numer'cal s o l u t i o n  of p a r t i a l  d i f f e r e n t i & ,  equat ions as descr ibed 
above, which is appl ied  t o  2 p h y s i c a l  system and which d e s c r i b e s  a l l  regions of 
this system i n  a u n i f i e d  manner, w a s  f i r s t  suggested by Gummel [SI. 
work, Gumel appl ied  h i s  method t o  a one-dimensional b i p o l a r  t r a n s i s t o r .  
Subsequently, t h e  method was f u r t h e r  developed by DeMarf [6,7] who appl ied  .'-t io  
p-n junc t ions ,  and by S c h a r f e t t e r  and Gummel [SI t o  ZWATT diodes.  Although 
t h i s  i n i t i a l  work was confined t o  one-dimensional s t r u c t u r e s ,  t h e  Gmmel appruach 
has  a l s o  been adapted t o  two-dimensional modeling [3,9-121. However, t h e  two- 
dimensional a lgori thm r e q u i r e s  excess ive  CPU execut ion t i m e  [3 ,12J .  
I n  t h i s  
Phenomena submodels may be imposed ~3 t b e  coupled nonl inear  p a r t i a l  
d i f f e r e n t i a l  equat ions which may r e s u l t  i n  nonl inear  t r a n s p o r t  equat ions;  i .e. ,  
band-to-band Auger recombination in t roduces  a term involving n or p2,  and the 
e lec t r ic  f i e l d  i n  t h e  quasi-neutral  region depends on the  i n j e c t i o n  l e v e l .  I n  
N I  numerical methods, t h e  t r a n s p o r t  r e i a t i o n s h i p s  are l i n e a r i z e d .  Two schemes 
have been used and both r e q u i r e  i n i t i a l  "guess" solut3ons.  
proposed by G u m e l  [ 5 ]  is LO assme t h e  coupling is weak so t h a t  the  equat ions 
are solved s e r i a l l y .  While the  method is  not  d i f f i c u l t  t o  implement, i t  f a i l s  
t o  g ive  accura te  r e s u l t s  f o r  h ighly  nonl inear  systems. The coupled method, 
proposed by Hach'el e: 01. [14],  s o l v e s  the t r a n s p o r t  equat ions simultaneously.  
However, t h i s  is mote d i f f i c u l t  t o  implement. The implemeatatlon of the  
algori thm becomes complex when recombination-gcneratj on and e l e c t r i c  f i e l d  dr i f  
terms are included [4]. I n  a d d i t i o n ,  t h i s  r e s u l t s  i n  s i g n i f i c a n t l y  higher  CPU 
executron time and increased main memory requirements.  
2 
The decoupled method 
As discussed above, . ,:?a NZ methods results i n  values  f o r  Lhe dependent 
v a r i a b l e s ,  silch as t h e  c - -a :oncentrations and e l e c t r i c  f i e l d ,  a t  d i s c r e t e  
p o i n t s  i n  the  semiconductvr; i . e . ,  a:: the  mesh p o i n t s .  Thus, the  -nntinuum of 
the  dependent v a r i a b l e s ,  descr ibed by the manspor t  equat ions ,  i s  transformed 
i n t o  a d i scont in tous  or discrete ;et cf va lues  represent ing  these v a r i a b l e s  a;: 
each of t h e  mesh p o t n t s .  
does n o t  r e s o r t  t o  t h i s  transformation. 
In  rmtrasr:, t h e  method t h a t  is proposed i n  thl.s paper 
1 
l 
I 
Closed-rorm Solu t ions  Applied t o  a Mesh Poin t  F i e l d  
I 
1 
L 
. -  
. I  
The major p o i n t  of depar ture  between the a l g o r i t h m  of the  new method and 
NI methods is t h a t  t h e  new method uses  a closed-form s o l u t i o n  which is appl ied  
t o  a mesh p o i n t  f i e l d  t h a t  d e f i n e s  the  system i n  space and i n  time [ 1 5 ] .  This 
r e q u i r e s  t h e  a p p l i c a t i o n  of t h e  t r a n s p o r t  equat ions  t o  each mesh poin t .  I? 
order  t o  o b t a i n  a closed-form s o l u t i o n  t o  t h e  t r a n s p o r t  equat ions.  :he mesh 
poin t  f i e l d  is generated so t h a t  t h e  equat ions  a c c u r a t e l y  represent  each mesh 
point .  
i n  a continuum of va lues  f o r  t h e  dependent v a r i a b l e s  i n  t h e  region between 
ad jacent  mesh p o i n t s .  
a continuum of values  f o r  t h e  dependent v a r i a b l e s  i n  t h e i r  corresponding regions.  
Analy t ica l  s o l u t i o n s  of neighboring mesh p o i n t s  s a t i s f y  t h e  u s u a l  boundary 
condi t ions  t h a t  are demanded i n  semiconductor devices  ic accordaLce w i t h  t h e  
e l e c t r o n i c / o p t i c a l  model under cons idera t ion .  
sen t ing  t h e  dependent v a r i a b l e s  E t  each mesh p o i n t  conta in  cons tan ts  of in tegra-  
t i o n ,  which a r e  dttermined by imposing t h e  boundary condi t ions  on each of the  
s o l u t i o n s .  
The closed-form r e l a t i o n s h i p s  represent  a n a l y t i c a l  s o l u t i o - s  and r e s u l t  
Analy t ica l  s o l - i t i o n s  of ad jacent  mesh p o i n t s  a l s o  provide 
The a n a l v t i c a l  s o l u t i o n s  repre- 
A procedure has  been e s t a b l i s h e d  i n  applying t h e  closed-form s o l u t i o n s  t o  a 
mesh poin t  f i e l d .  The procedure i s  as fol lows [15]: (1) e s t a b l i s h  the  elec- 
t r o n i c / o p t i c a l  model of t h e  s o l a r  c e l l  wi th in  t h e  g e n e r i c  t r a n s p o r t  equat ions;  
(2) impose the phenomena submodels, represented i n  a n a l y t i c a l  o r  t a b u l a r  form, 
on t h e  t r t n s p o r t  equat ions;  (3) develop mesh point  f i e l d  d i s t r i b u t i o n  of order  f 
which reduces t h e  complexity o f ,  and makes t h e  c o e f f i c i e n t s  t h z t  are present  i n ,  
t h e  c o n t i n u i t y  equat ions constant  or near ly  cons tan t ,  so t h a t  a closed-form 
s o l u t i o n  is obtained a t  each mesh poin t  wi th  minimum r e s t r i c t i o n s ;  (4) e s t a b l i s h  
2f-boundary condi t ions  on t h e  mesh poin t  f i e l d ;  (5) apply the  2f-boundary 
condi t ions  on the  f-closed-form s o l u t i o n s ;  and ( 6 )  so lve  t h e  r e s u l t a n t  2f-- 
e q u a t i m s  simultaneously t o  o b t a i n  t h e  2f-constants of l n t e g r a t i o n  through 
recursion r e l a t i o n s h i p s .  I n  p r i n c i p l e ,  the  t r a n s p o r t  equat ions are uniquely and 
completely solved a f te r  t h e  r e l a t i o n s h i p s  f o r  t h e  2f-constants  of i n t e g r a t i o n  
are obtained. Electron cur ren t  i s  c a l c u l a t e d  a t  t h e  d e p h t i o n  region edge; the  
hole  cur ren t  is determined by a s i m i l a r  r e l a t i o n s h i p .  Adding the  e l e c t r o n  and 
hole  c u r r e n t s  results i n  t h e  J-V r e l a t i o n s h i p  from which most of the te rmina l  
c h a r a c t e r i s t i c s  are recovered. 
The wel l -es tabl ished s o l a r  c e l l  e l e c t r o n i c / o p t i c a l  model i s  imposed on the  
t r a n s p o r t  equat ions;  i . e . ,  o p t i c a l  p a i r  genera t ian  of c a r r i e r s ,  and minori ty  
c a r r i e r  c o l l e c t i o n  and t r a n s p o r t  a c r o s s  a p-n j u n c t i o n .  This i s  followed by 
imposing t h e  phenomena submodels which are subsequently discussed.  
d i s t r i b u t i o n  is  e s t a b l i s h e d  so  t!iat t h e  electric f i e l d ,  l i f e t i m e ,  mobi' i t y ,  
d i r f a s i v i t y ,  absorptFon c o e f f i c i e n t ,  and bandgap e x h i b i t  small changes between 
ad jacent  mesh poin ts .  Figure 1 show- the subdiv is ion  of a one-dimensional solar 
ce l l  s t r u c t u r e .  Xs> are subdivided 
I n t o  f - and f -mesh p o i n t s ,  respec t ive ly .  To i l lus t ra te  the  method, t h e  p- 
n P 
region t ranspor t  s o l u t i o n  is discussed below. The e l e c t r o n  c o n t i n u i t y  equat ion 
is represented by 
A mesh poin t  
The n - r e g i m  (0, X2) and the p-region (X 3'  
I 
I 
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where t h e  Poisson equat ion tabes its u s u a l  form. 
d e f i n i t i o n s ,  where n and n represent  t h e  t o t a l  and photoexcited e l e c t r o n  
concentrat ions,  respec t ive ly .  Implicir:  i n  Eq. (9) is t h a t  t h e  subdiv is ion  
r e s u l t s  i n  a condi t ion  i n  which t h e  s l o p e  of t h e  electric f i e l d ,  dE /dx, is 
P 
small and may be neglected i n  a region between ad jacent  mesh poi-nts. Although 
t h e  e l e c t r i c  f i e l d  s lope  is assumed t o  be n e g l i g i b l e ,  t h e  e lectr ic  f i e l d  i t se l f ,  
i n  genera l ,  i s  allowed t o  vary  from mesh p o i n t  t o  mesh poin t .  Moreover, under 
these  condi t ions  t h e  remaining material p r o p e r t i e s  a l s o  e x h i b i t  small changes 
between neighboring mesh p o i n t s  f o r  low i n j e c t i o n  levels. 
l a r g e  under high injec:ion l e v e l s ,  i n  which case a more dense mesh p o i n t  f i e l d  
may be required t o  maintain comparable i*hanges. As a r c s u l t ,  a near-exact 
closed-form s o l u t i o n  is obtained a t  each mesh p o i n t  f o r  the  photoexcited e l e c t r o n  
concentrat ion,  which is an exac t  s o l u t i o n  of Eq. (9)  and is represented by 
The symbols have t h e i r  usua l  
P P e  
These changes become 
n (x) = B exp (w  x)  + 
p e j  1.i 1j 
where t h e  terms com?rising Eq. 
B .exp(w x) + 
23 2 j  
(10) are given i n  Table 1. 
*I. 
The s u b s c r i p t s ,  j ,  i z  Eqs. (10)-(30) repr  i sen t  t h e  j"' mesh poin t  i n  t h e  p- 
2 j  
region as  ind ica ted  i n  Figure 1. 
represent  the  cons tan ts  of i n t e g r a t i o n ,  and B ia E q .  (11) r e p r e s e n t s  t h e  
photoexcited e l e c t r o n  concentrat ion,  orcddced by -'-.oton absorp t ion  i n  che region 
of t h e  j th  mesh poin t .  
equat ions a t  each mesh poin t ,  w and u i n  E q .  (14) a r e  cons tan ts .  Phato- 
exci ted e l e c t r o n  concentrat ion,  Eq. (101, i s  governed by .he exponent ia l  t e n ,  
and B which are a l l  func t ions  of p o s i t i o n ;  i n  addi t ior . ,  
of wavelengtn through Eqs. (12) and (13). Eq. (10) provides f o r  continuous 
va lues  of n through t h e  assignment of values  t o  x,  where the  range of x is 
restricted t o  the  region between .ne (j-I.) and j mesh p o i n t s .  I n  c o n t r a s t  t o  
numerical i n t e g r a t i .  7 -  methods, t h e  continuum of va lues  descr ib ing  the  behavior 
of n is preserved in the  closed-form scheme as w a s  t h e  o r i g i n a l  i n t e n t  pro- 
posed by the  Van Roqsbroeck concept related t o  the  use  and the i n t e r p r e t a t i o n  of 
t h e  t r a n s p o r t  equat ions.  
Correspondingly, i n  Eq .  ( l o ) ,  B l j  and B 
3 j  
I n  the  context  of t h e  c o n d i t i c r c  imposed on the c o n t i n u i t y  
l j  2 j  
is a l s o  a func t ion  3j 3 j  
P e  
Pe  
It is c l e a r  t h a t  t h e  r e l a t i o n s h i p  used i n  the closed-form s r t n o d ,  t o  
represent  the  photoexcited e lec t ror .  concentration, Fy. ( i o ) ,  is an a n a l y t i c a l  
s o l u t i o n  t h a t  i s  demanded by, and has  i t s  support  i n ,  the t r a n s p o r t  equat ions.  
Moreover, t h i s  r e l a t i o n s h i p  may a l s o  incorpora te  a commehensive set of phenomena 
submodels a s  d i c t a t e d  by the t r a n s p o r t  equat ions,  imposed boundary condi t ions ,  
and t h e  r e p r e s e n t a t i o n s  c .  t h e  m a t e r i a l  p r o p e r t i e s  coupled with the mesh poin t  
f i e l d ,  The phenomena suhmcdels t h a t  i ? f l u e n c e  Eq.  '!0) a r e  represented i n  t h e  
r e l 3 t i o n s h i p s  f o r  the  parsmeters.  Eq .  (11) -<36 j ,  t h a t  descr ibe  t h e i r  behavicr  i n  
t h e  region bounded by t h e  (j-1) and j planes i n  Figure 1. Eqs .  (11) --:) descr ibe  
the photon absorpt ion genera t ion  r a t e  and the  r e d i s t r i b u t i o n  of t' photoexcited 
electron-hole p a i r s ,  wt:ile Eq. (14) goverlls t-he e l e c t r a n  e f f e c t i v e  d i f f u s i o n  
length  i n  t h e  presence of a n  e l e c t r i c  f i e l d .  
the  e l e c t r o n  cur ren t  a r e  represented i n  Eq. (l>;, and the e i e c t r i c  f i e l d  *:sed i n  
D - i f t  and d i f f u s i o n  components of 
358 
Table 1. L i s t  of rclationships of terms appearing i n  ti;, solution of 
the electron concentration, Equation (10) .  
-. -- 1 
i 
: .+ 
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E = E  + E  + E  I p j  pQj  pBNj p l P j  + EpPEj ' 
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Table 1 (continued).  
I I_._--_c-- 
al 
(20) 
dN kT 1 Aj = - -  
EpIPoj q fiAj dx ' ( 2 1 )  
I 
! 
4 
4 
P 
3 60 
t h e  d r i f t  term is given by E q .  (15) .  The electric f i e l d  COE iients are defined 
i n  Cqs. (17)-(27), a r i s i n g  under equilibrium and nonequi l ibr i -a1 c o n d i t i r w ,  and 
i x l u d t :  e f f e c t s  produced by ohmic w l t . a g e  drops i n  t h e  qurs i -neut ra l  reg ions ,  
bandgap narrawiag, impurity concent ra t ion  p r o f i l e ,  and pkotoexci tsd e l e c t r o n  
c o n c e n t r a t i m  d i s t r i b u t i o n .  Eq.  (29) d e s c r i b e s  t h e  i n t r i c s i c  concent re t ion  with 
respec t  t o  temperature and bandgap narrowing. 
I n  c o n t r a s t ,  t h e  r e l h t i m s h i p  t h a t  is  +ed i n  L methods, corresponding t u  
Eq. ( l o ) ,  i s  typir  a l l y  l i n e a r  and ' s  of t h e  form give11 by 
(31) 
where -. is the independent v a r i a b l e  i n  t h e  region bounded by t h e  (j-!) and j 
planes.  The photoexcited carrier concent ra t ions ,  n and n p e  ( j + l )  ' dc not  
normally represent  a l g e b r a i c  expressions,  but  r e p r e s e n t  d 5 s c r e t r  va lues  and 
r e q u i r e  i n i t i a l  e s t i m a t e s  of t h e  concent ra t ions  at t h e i r  i es igqbted  p o s i t i o n s .  
The r i c h n e s s  cf  Eq. (IO) and i t s  assoc iare6  parameters,  def incd in E q s .  ( '1)-  
(301, i n  represent ing  device phys ics  is c l e a r l y  ev ident  i n  c o n t r a s t  t o  the  
r e p r e s e n t a t i c n  i n  Sq. (31). This r e l a t i o n s h i p ,  Ec;. (311, is  used i n  iI methods 
because i t  simplifies t h e  matr ix  equatioti  t h a t  r e q u i r e s  s o l u t i o n ,  bu: i t  is 
a r t i f i c a l  i n  i t s  represencat ion of t h e  photoexcited eLectron cr zcent  r c t i o n  
because i t  has been constructed independent of t h e  t r a n s p o r t  equat ions.  
pej 
The d i f f e r e u c e  i t 1  ~ l - 2  r e s u l t s  obtainr-ci by applying Eqs. (10) and (31; ;o 
tl. same mesh poin t  d i s t r i b u t i o n ,  which def ines  the s o l a r  c e l l  s t r u c t u r e ,  is 
s i g n i f i c a n t .  Applying E q .  (10) r e su l t s  i n  the  determir.ation of the constant', of 
i n t e 9 r a t i o n .  B and  B assigned t o  the  c a r r i e r  a ra ly t ica l  r e l a t i o n s h i p  st 
each mesh point .  
t i ca l  r e l a t i o n s h i p  a t  each mesh p o i n t ,  descr ib ing  the  behavior of n f o r  a 
continuum of va lues  of x i n  the  range x 
o f  applying E q .  ' ? l )  i s  a set  of d i s c r e t e  va lues  f o r  n 
Ij 2 j '  
S u b s t i t u t i n g  B l j  and B i n  Eq. (10) provides f o r  an  analy- 
2 j  
(j-1) j' 
p e j  
and x In  c o n t r a s t ,  t h e  r e s u l t s  
a t  each m s h  p o i n t .  
p e j  
I n  the  work reported i n  t h i s  paper,  the g e n m a l  case is t r e a t e d  as i'; 
r e l a t e s  t o  i n j e c t i o n  l e v e l .  The information of i n j e c t i o n  1c,*el  i s  contained i n  
t h e  e l e c t r i c  f i e l d  a r d  i t s  cwponents ,  E p s .  (16)-(30), l i f e t i m e  through the  
d i f f u s i o n  length,  
t h e  p' n junc t ion ,  and in t'ie c a r r i e r  mobi l ic ies  and d i f f u s i v i t i e s .  Appl.'cGtibn 
of F q .  (10) requirGs n e g l i g i b l y  small changes i n  e l e c c r i c  f t e l d  tetween sSjacent  
m e s t .  po in ts .  Under those cocdi t ions ,  Eq.  (10) is an exce-13~nt  appuoxilaation t o  
the  exac t  s o l u t i o n  I t *he . i ~ s i g n e d  mesh poin t  regioc.  The measure f o r  which 
E q .  (10) approaches t h ?  t x x t  s o l u t i o n  i s  the  seli .-consistency obtatned from the  
s o l u t i o n  of c h e  Poisson e , . i a t i o n  using the  a n a l y t i c a l  rclati t : .nships f o r  n m d  
the  numbc of i t t i - a t i o n s  r ,quirec! t o  o b t i i n  va lues  bf B 
Lnd boundar; condi t ions  a t  the  deple t ioq  edges bounding Ln 9 
P e l  
and '2.j. 1.i 
The f -mesh ,.wir.t l i s r r i b d t i o n  i n  che p-type region 0'. the  Folar  c e l l  
P 3 3 
P 
cmpr ises  ( f  .I) in te rna l .  boli-daries, and e x t e r n a l  boundaries a~ x an& x,. A t  
the  e x t e r n a l  boundaries,  the usual p-n junc t ion  bourdary condi t ion  on minoi-ltjr 
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i 
i i 
Lk 
carrier concentration applies. At each of the (f -1) internal boundaries, the 
electron concentration and electron current, separately, are continuous and are 
represented by 
P 
.* ! 
‘ i  
+ I  
where 
(33) 
AEcj /kT k = e  
j 1 ’  I 
I ,. :’I and 
( 3 4 )  
th th where y is the sc’aration between the (3-1) and j mesh points. A surface 
recombination velocity boundary condition is imposed at the x boundary. This 
results in 2f -boundary conditions, from which 2f -equatiocs are obtained that 
must be solved simultaneously to obtain the solution of the 2f -constants of 
oj 
5 
P P 
integration. P 
Applying the boundary conditions using Eqs. (10) and (15) results in 2f - 
equations which are represented in matrix form by P 
f 
- !  
’ -  I 
1 1  1 0  0 0  
olkl Ilk, - 1  -1 0 
blot t ,r,  - a 2  - e 2  0 
0 0 OZk2 T* - 1  -1 
0 0 b2O2 t2rz -$ - t 3  
.. i 
i 
:I 
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The cons tan ts  of i n t e g r a t i o n  are denoted B 11’ B123 --- 
r e l a t i o n s h i p s  f o r  t h e  o t h e r  f a c t o r s  contained i n  Eq. (35)  d e  the‘material an6 
s t r u c t u r e  p r o p e r t i e s  a t  correspocding mesh p o i n t s .  
condi t ion  [16 j  is used a t  x3, because ft r e p r e s e n t s  t h e  bomdary f o r  t h e  com- 
p l e t e  range of condi t ions  t h a t  may e x i s t :  frDm equilibrium (i.e.,  the  photo- 
vo l tage  V = 0) through increas ing  p s i t i v e  va lues  of \ up to  and including 
high i n j e c t i o n  i e v e l s  where V 
Blf  , B2f , and the  
The F l e t c h e r  boundary 
JPh JPh 
Jph ’bi. 
I n  Et, (331 ,  AEcj r e p r e s e n t s  t h e  band edge d i s c o n t i n u i t y  loca ted  a t  the j 
mesh point .  I f  AE is p o s i t i v e ,  t h e  boundary condition descr ibes  mjnority 
c a r r i e r  confinement (i.e., e l e c t r o n s  confined t o  the  j u n c t i o n  region) .  
c j  
The f a c t o r s  cu and w Eq. ( ! 4 ) ,  are t h e  r e c i p r o c a l s  of t h e  e f f e c t i v e  l j  2 j ’  
e l e c t r o n  d i i f u s i o n  length  i n  t h e  p-type region,  and descr ibes  the  recombination 
of e l e c t r o n s  i? t h e  presence of an  e l e c t r i c  f i e l d  i n  the  region bounded hetween 
the  (j-1) and j mesh poin t .  
e l e c t r o n s  e n t e r i n g  t k i s  region Ecross the  planes def ined by the  (j-1) and j mesh 
p o i n t s  as vel1 as those photoexcitx! c a r r i e r s  produced by photon absorp t ion  
within t h a t  region. I f  t h e  e lectr ic  f i e l d ,  E = 0, then w 
equal  i n  magnitude t o  t h e  r e c i p r o c a l  of t h e  d i f f u s i o n  length,  L 
S imi la r ly ,  fsr degenerate materia: o r  f o r  high i n j e c t i o n  l e v e l s ,  low values  of 
t h e  electric f i e l d  &re obtained,  and I*) Ir. both cases ,  e l e c t r o n  d r i f t  
toward the junct ion occurs  by means of d i f f u s i m  r a t h e r  than a combination of 
d i f f u s i o n  and f i e l d - a s s i s t e d  d r i f t .  Eq. (10) reduces t o  t h e  more f a m i l i d r  form 
t o  represent  photoexcited c a r r i z r s .  
It d e s c r i b e s  t h e  m c m b i n a t i o n  r e l a t e d  t o  those 
= -w2j and are 
= 6 . p j  Ij n n n  
J - .d2j .  
lj 
The c o n s t a n t s  of  i n t e g r a t i o n  a r e  obtained by so lv ing  Eq. (35). While t h e  
m a t r i x  i n  Eq. (35)  may be inver ted  t o  obta in  t h e  s o l u t i o n ,  a recurs ion  r e l a t i c n -  
s h i p  e x i s t s  between t h e  cons tan ts  of i n t e g r a t i o n .  As a r e su l t ,  there  is a 
s i g n i f i c a n t  reduct ion i n  CPU execut ion t i m e  t o  o b t a i n  t h e  va lues  of thcsc 
cons tan ts  through t h e  recurs ion  r e l a t i o n s h i p s .  For exanple,  i n  c e r t a i n  i t e r a t i o n  
procedures,  sone of t h e  terms in these  r c i a t i o n s h i p s  that depend on geometry and 
m a t e r i a l s  p r o p e r t i e s  may no: change and need not  be c a l c u l a t e d  f o r  every 
i t e r a t i o n .  
experience is gained i n  usink t h i s  type of modeling program. 
There a r e  probably o t h e r  b e u c f i t s ,  which w i l l  be revealed as more 
The recurs ion  r e l a t i c n s h i p s  f o r  the  constafics of i n t e g r a t i o n  are gi;ren by 
the  following equat ions:  
I 
i 
i 
I 
I 
-r 
t ; I  
i 
I 
1 
i 
(40) 
i 
and 
t 
There a l s o  exis ts  r ecu r s ion  r e l a t i o n s h i p s  f o r  t h e  6 
func t ions  of material p r o p e r t i e s  a t  t h e i r  a s s igned  mesh p o i n t s .  
‘s  and the y ‘ s  which are 
nj n j 
Having obtained t h e  c o n s t a n t s  of h t e g r a t i m  and s u b s t i t u t i n g  them i n t o  t h e  
r e l a t i o n s h i p  r e p r e s e n t i n g  t h e  a p p r o p r i a t e  mesh p o i n t ,  t h e r e  r e s u l t s  f - 
r e l a t i o n s h i p s  which f u l l v  d e s c r i b e  t h e  b.?havio?- of n 
p r i n c i p l e ,  a l l  device p r o p e r t i e s  may be recovered through t h e  manipulat ion of 
n 
i n  t h e  n-region, t h e  ho le  c u r r e n t  J Eq. (281, is obtained.  Eq. (28) r e p r e s e n t s  
a r e l d t i o n s h i p  r e l a t i n g  photocurrent  v e r s u s  photovoltage.  The pho tovo l t a i c  J- 
V curve may be obtained from which maximum power and e f f i c i e n c y  !.s calcu- 
l a t ed .  Moreover, t h e  e f f ec t s  on the  J-V curve of t he  phenomena submodels, 
and m a t e r i a l  and s t ruc ture  parameters may be i n v e s t i g a t e d  through B 
and B 3 S .  
P 
i n  t h e  p-region. I n  
Pe 
Using Eqs. (10) and (15) and t h e  corresponding r e l a t i o n s h i p s  f o r  h o l e s  pe js .  
1’ 
JPh 
JPh 
l j  ’ %j ’ I 
SUMMARY 
A new computer modeling method is  desc r ibed  and is appl ied t o  s i l i c o n  s o l a r  
c e l l s .  The method i s  s i m i l a r  t o  numerical  i n t e g r a t i o n  (NI) methods i n  t h a t  
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both require the use of a mesh point field. 
is applied to each mesh point, and through a judicious selection of the mesh 
point distribution, an accurate closed-form analytical function is obtained at 
the assigned mesh point. Application of the boundary conditions, to an f-mesh 
point field, results in 2f-equations that- require simultaneous solution. This 
solution is manifested through the dctermfcatlon of the 2f-constants of integra- 
tion, where each closed-form solution, representing a mesh point, contains two 
constants of integration. Solar cell transport solution is represented by the 
complete set of constants of integration obtained in the n- and p-regions. 
Substituting the constants of integration into the correspcnding closed-form 
analytical function, representing an assigned msh point, results in a set of 
The set of transport equations 
analytical functions that is  applicable only to its assigned region in the mesh 
point field. As a result, the complete set of closed-form functions describes 
the behavior of the photoexcited carrier concentration for a continuum of x- 
values in the n- and p-regions. The photoexcited carrier relationship is used 
to obtain the current-voltage relationship, from which the maximum power point 
and conversion efficiency are determined. Effects of temperature, solar concen- 
tration, submodel parameters, and structure parameters may be studied through 
changes at each mesh point in wlj, w Z j ,  Blj, B2j, and B 3j 
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Lft9DEIOI.A: I have a number of small questions. You put your attention on the 
dependeut variables. which you treat as the hole and electron densities. 
I'm wondering how you enter the external boundary conditions since you 
are not feeding in hole and electron densities at the ends of the 
device. 
LABORTB: At the junction side cf the end region, for example, maaning the 
emitter, the boundary condition becomes the Fletcher boundary condition 
for the photo-excited holes, because we are treating the general case of 
high injection level. At the surface region we are calculating the re- 
combination velocity, by means of a Ax divided by the lifetime at the 
center of the first mesh point. 
results there, in that it appears that even for calculating the surface 
recombination velocity in that manner, it may not be consister,t with the 
slope of the photo-excited holes at the surtace. 
culate the surface recombination velocity, the solution will oscillate. 
We're just puttiag a fix in that, and the fir is that you want to update 
the surface recombination velocity at the surface by tbe exact relation- 
ship. 
the photo-excited hole concentration at the surface, and that is equal to 
the surface recombination current, which includes a drift field component 
and a diffusion ccmponent. So that becomes the left-hand boundary. 
And we have gotten some interesting 
If you don't recal- 
Meaning the product of the surface rscombination velocity times 
I 
i 
' 3  
LINDHOLH: I have a related question. If you are going to do a nun-illuminated 
I'm not now concerned with the edge of what you call 
analysis where you apply a voltage, then how do you get into the external 
boundary conditions? 
the depletion region but rather the contacts of the device. 
llVtORTB: I don't know whether it will work for that, but we c,a Frobably make 
it work. We have not given that any consideration. 
LIHDHOLM: Would you integrate ,he electric field? Would that be the way of 
doing it? Getting integrated, the electric field through the material, 
and setting that equal to zero, and then you would have to iterate, I 
suppose. 
W E f T E :  Yes, we have that in the model because under high injection level 
you want to determine what the voltage drop is accoss the quasi-neutral 
region. 
LINDHOW: When you say the Fletcher boundary condition, you mean the Fletcher 
Uasewa boundary condition as modified by Houser? 
W O R T E :  #o,  the Fletcher and Hasawa conditions are separate. They account 
for the same thing, but they require different information. The Fletcher 
boundary condition applies to the edges of the depletion region and thats 
what wo are using. 
region and the left-hand contact. 
The Uasawa uses the riqht-hand edge of the depletion 
i 
1 
I 
P 
%.. 
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LINDHOLII: How do you define the edge of the depletion 
analysis? 
UWRTB: We calculate the depletion region for either 
abrupt case. 
. -. 
region in your numerical 
a graded case OF the 
L U D H O M :  You calculate it how? Depletion approximation? 
LA!!!ORTB: Yes. 
LIlYDHOLM: That won't work, I'm afraid, because gou probably need to make a 
correction because of the free electrons and holes in that region. We 
could discuss that privately. 
that goes into the model. 
That is probably an updating of the physics 
tAw)RTB: Well, that is updated. 
LINDHOLM: Oh, I see. You doo't use the depletion approximation to calculate 
the depletion thickness? 
tAlIORTB: We use it to get it started. 
LINDHOLH: Oh, I see, then you update. Okay. Then how do you define the edge 
Somehow you have to use of the depletion region once you get it updated? 
some criterion to define the edge of the depletion region. 
LM1oRTE: Then we use the depletion approximation. 
LINDHOISI: Okay, I don't understand the answer to that, but maybe we could 
diccuss that privately, unless you want to elaborate on it now. What I 
thought you said was, as your starting point to get the edge of what you 
call the depletion region, you would use the depletion approximation and 
then you would iterate up in, including the electron hole densities, in 
order to redefine the depletion approximation. 
criterion was after you did the updating. 
Then I asked you what the 
QUESTION: Haybe that's something the two of you could discuss. 
LINDHOLM: I have one last question. This is a very interesting idea to me. I 
have been sounding very negative; I'm sorry to sound negative. 
was looking at some small points. I don't do numerical analysis, but I'm 
somewhat familiar with what Hike did, and Gumel, and all these other 
people, and the only place I have ever seen this done previously, similar 
to this, is in a book by souie Russians. I wonder if this is the first 
time this method has been w e d ?  
I just 
LAHORTB: I have not seen it anyvhere else, and I k:ve spoken to about a dozen 
people who have done computer modeling in Qthct -.reas, other that, semi- 
conductors, as well, and they claim that they nave not seen it. And I 
have not seen it elsewhere. 
LINDHOLH: This Russian book is not quite numerical analysis, so I guess I 
haven't seen it either, but that's as close as I have :me to seeing it. 
! 
t 
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It's very interesting. 
LAl¶ORTE: One of the things that this does for you, and what we showed in the 
avalanche photo diode - -  because you're reflecting a lot of the physics 
in the closed form solution -- whan you look at the convergence of the 
solution as a function of mesh points, you find that you do not need as 
many mesh points, for example, in the avalanche photo diode. We didn't 
need to go above 1s to 20 mesh points when we had a half-micrometer 
depletion width, and we went all the way up to 80 mesh points, and at 15 
to 20 we were within 1% of the asymptotic solution with 80 mesh points. 
I'm fully convinced that since you have a closed-form solution, which is 
a good approximation, the physical system, that it's forgiving in term.: 
of using a lesser number of mesh points. And so, therefore, that combined 
with the recursion formulas, the CPU time is reduced greatly. 
LIRIDHOLH: I was wondering if you could describe the output that you got from 
your model and do you have it  set up to give you graphs OC carrier dis- 
tributions and so forth? 
tAllORTB: No, we haven't done that yet. 
meaning that with one of your cells we got something like 38 milli- 
amperes, and it's about 20% too high,  so we have gotten it that far and 
we are still trying to debu8 and determine where that is. 
jast a simple matter that the lifetime we are using is too high. 
We almost have the model working, 
And it may be 
LfllDHOLH: So the code doesn't give y m  plots of carrier distributions and 
taings that help one see what's going on in the physics of the device. 
tMK)RTE: We get discrete points, for example, of carrier concentration, okay, 
at the mesh points, and we get it at two points actually, we got it at 
each of the mesh points and in between. But if you wanted to, by taking 
the relatiomhip that applies to that particular region of the cell in 
combination with the appropriate constants of integration, you could plot 
the entire thing on the continuum if you wished. 
f 
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